Study Design Retrospective cohort study. Objective The objective was to measure the change of flavum ligament diameter during positional changes of the cervical spine using kinetic magnetic resonance imaging (MRI) and to examine the correlational diameter changes of the flavum ligament, disk bulging, and the spinal canal from extension to flexion positions. Methods One hundred eight-nine patients underwent kinetic MRI in neutral, extension, and flexion positions. The diameters of cervical ligamentum flavum, disk bulging, and cervical spinal canal and the disk degeneration grade and Cobb angles were measured from C2-C3 to C7-T1. Results In all, 1,134 cervical spinal segments from 189 patients were included. There was a 0.26 AE 0.85-mm average increase in the diameter of the ligamentum flavum from flexion to extension, and 62.70% of the segments had increased ligamentum flavum diameter from flexion to extension. For all segments of the 189 patients, the cervical spinal canal diameters had an average decrease at the disk level of 0.56 AE 1.21 mm from flexion to extension. For all segments with cervical spinal canal narrowing !1 mm from flexion to extension view, the ligamentum flavum diameters at C3-C4 to C5-C6 had significant increases compared with patients with spinal canal narrowing < 1 mm (p < 0.05). For patients with ligamentum flavum hypertrophy of !1 mm from the flexion to extension view, the cervical spinal canal diameters at C2-C3, C4-C5, and C5-C6 had significant decreases compared with patients with ligamentum flavum hypertrophy of <1 mm (p < 0.05). Conclusion The "hidden" hypertrophy of ligamentum flavum was significant at C4-C5 and C5-C6 and significantly contributes to the stenosis of cervical spinal canal in the extension position.
Introduction
Magnetic resonance imaging (MRI) is the most sensitive technique for showing the structure of soft tissue in the cervical spine, such as intervertebral disk and ligamentum flavum. The increasing use of kinetic (positional) MRI (k-MRI) for the cervical spine has resulted in a greater understanding of the pathogenic mechanisms of cervical spinal canal stenosis. In healthy individuals, the space around the cervical spinal cord protects the spinal cord during normal movement. However, in patients with spinal canal stenosis, the space around the spinal cord is reduced or lost, such that the stenosis of spinal canal may be increased if the cervical spine suffers a hyperextension-compression force. 1, 2 Given that in these cases radiographic abnormalities may be absent, k-MRI evaluations of the cervical spine in flexion and extension can help elucidate the etiology of cervical spinal stenosis. Several published studies have focused on "hidden" herniation of the disk during flexion and extension, 3, 4 whereas changes in the ligamentum flavum during sagittal movement of the cervical spine have largely been ignored. Thus, the purpose of this study was to use k-MRI to measure changes in the diameter of the ligamentum flavum during positional changes of the cervical spine and to determine the correlations between these changes, disk bulging, and narrowing of the spinal canal during flexion and extension.
Methods Patient Sample
This study was based on the data obtained from 189 patients who underwent k-MRI examination in 10 outpatient MRI facilities (TrueMRI, Anaheim, California, United States) from April to September of 2011. The study was approved by the Institutional Review Board of our institution. The age of the 94 men and 95 women ranged from 19 to 61 years; the mean age was 52.90 years. The inclusion criteria were: (1) symptoms of neck or shoulder pain and (2) no evidence of cervical disk herniation and/or spinal canal stenosis causing cervical spondylosis, as clinically determined on MRI with the spine in the neutral position.
Exclusion criteria were: (1) patients with serious spinal diseases (such as spinal tumor), spinal fracture, spinal cord infection, ankylosing spondylitis, or cervical stenosis with the spine in the neutral position; (2) patients with a history of spinal surgery; (3) patients with serious heart diseases, arrhythmia, or hypertension, or who were elderly and infirm, with systemic diseases causing poor health, or those with serious internal medical diseases such as cardiac, pulmonary, hepatic, or renal dysfunction or tumor; (4) patients who were not suitable for MRI due to an implanted heart pacemaker, artificial tooth, or other reason; (5) patients with a mental disorder or history of noncooperation; (6) pregnant women; (7) men with age > 65 years and women with age > 60 years.
Imaging Examination
A 0.6-T upright multiposition MRI scanner (Fonar, Melville, New York, United States) was used in the study. Two vertically orientated opposing magnetic doughnuts were used in the MRI unit to ensure that the patients were scanned in an upright, axially loaded position. T1-weighted sagittal spinecho images (repetition time, 671 milliseconds; echo time, 17 milliseconds; thickness, 3.0 mm; field of view, 24 cm; matrix, 256 Â 200; number of excitations, two) and T2-weighted sagittal fast spin-echo images (repetition time, 3,432 milliseconds; echo time, 160 milliseconds; thickness, 3.0 mm; field of view, 24 cm; matrix, 256 Â 224; number of excitations, two) were obtained using a flexible surface coil. All images were obtained with the patient seated and the spine in extension (20 degrees), neutral, and flexion (30 degrees) positions.
Measurement Method
The measurements were made directly from the digital images using digital imaging software (MRAnalyzer, TrueMRI, Bellflower, California, United States) and were obtained at six different segments of the spine from C2-C3 to C7-T1. The basic measurements involved the diameter of the spinal canal (at the level of the disk), the disk bulge diameter, the Cobb angle, and the vertebral translational motion in flexion, neutral, and extension positions (►Fig. 1).
The thickness of the ligamentum flavum (at the level of the disk) and the degree of disk degeneration were measured manually. 5 The ligament thickness was the mean of the values measured by two physicians independently. The values were compared using reliability analysis on SPSS20.0 software (SPSS Inc., Chicago, Illinois, United States), and the reliability was accepted (Cronbach α ¼ 0.910). The degree of disk degeneration was determined independently by two physicians using a modification of the system described by Pfirrmann et al. 5 If these measurements (grade 1 to 5) were not in agreement, the advice of a senior physician with more experience was obtained and a consensus was reached.
Statistical Analysis
Statistical analyses were performed using SPSS20.0 software. Analyses of whether the data was normally distributed were performed with the Kolmogorov-Smirnov test. The measurement data was expressed as mean AE standard deviation when the data was normally distributed, and expressed as mean (25th percentile, 75th percentile) when the data was not normally distributed. Analyses were performed using the independent samples t test and the paired t test when data was normally distributed, and the Mann-Whitney rank test when data was not normally distributed. A p value of <0.05 was considered statistically significant.
Results
►Table 1 shows the mean diameters of the spinal canal, ligamentum flavum, and disk bulge at the different segments in extension and flexion positions. The data in all segments was normally distributed (p > 0.05). The diameter of ligamentum flavum was not significantly different between male and female subjects (p ¼ 0.893). For all segments, the mean increase in the diameter of the ligamentum flavum from flexion to extension was 0.26 AE 0.85 mm, the mean decrease in the diameter of the spinal canal was 0.56 AE 1.21 mm, and the mean increase in the diameter of the disk bulge was 0.22 AE 0.77 mm (n ¼ 1134). In 62.7% (n ¼ 711) of the patients, the diameter of the ligamentum flavum was increased in extension versus flexion, and in 17.65% (n ¼ 200), the increase was >1 mm. In 59.61% (n ¼ 676), the bulge diameter increased between extension and flexion, and in 13.05% (n ¼ 148), the increase was >1 mm.
Relationships among the Diameters of the Ligamentum Flavum, Disk Bulge, and Spinal Canal
Spinal Canal Diameter
The trend in the mean diameter of the spinal canal with the spine in different positions was: extension < neutral< flexion (except C2-C3). The mean diameter of the spinal canal from C3-C4 to C6-C7 was significantly smaller in extension than in flexion (p < 0.05), whereas at C2-C3 and at C7-T1, the differences were not significant (p > 0.05).
For each segment, patients with cervical spinal canal narrowing !1 mm (from flexion to extension) were assigned to group CVI, and those with cervical spinal canal narrowing < 1 mm (from flexion to extension) were assigned to group CVII (►Table 2). The increased diameters of the ligamentum flavum (from flexion to extension) in the two groups were subjected to an independent sample t test. For all segments with cervical spinal canal narrowing, the increased diameter of the ligamentum flavum at C4-C5 (p < 0.001) and C5-C6 (p < 0.001) was significantly different between patients in group CVI and those in group CVII. By contrast, the changes in the ligamentum flavum diameters at C2-C3, C3-C4, C6-C7, and C7-T1 between the two groups were not significantly different (p > 0.05). The mean increases in the diameter of the ligamentum flavum are shown in ►Fig. 2.
The increases in the diameter of disk bulges (from extension to flexion) in the two groups were also subjected to an independent sample t test. For all segments with cervical Table 2 Spinal canal diameter narrowing (n) Evaluation of "Hidden" Hypertrophy Using Kinetic MRI Zeng et al. 157
spinal canal narrowing, the increased diameter of the disk bulge at C2-
, and C6-C7 (p ¼ 0.007) was significantly different between group CVI and group CVII, whereas at C7-T1 the difference between the two groups was not significant (p ¼ 0.874). The mean increases in the diameters of the disk bulge are shown in ►Fig. 3.
Ligamentum Flavum Thickness
The trend in the mean diameter of the ligamentum flavum in different positions was: extension > neutral > flexion (except C7-T1). The mean diameter of the ligamentum flavum from C2-C3 to C7-T1 was significantly larger during extension than during flexion (p < 0.05). The mean diameters of the ligamentum flavum at the different segments of Fig. 2 Bar graph shows the dynamic changes in ligamentum flavum diameter (mean AE standard deviation) during flexion and extension of the cervical spine in groups defined according to differences in spinal canal diameter. Changes in the diameter of the ligamentum flavum between group CVI (patients with cervical spinal canal narrowing !1 mm from flexion to extension) and group CVII (patients with cervical spinal canal narrowing < 1 mm from flexion to extension) were compared. Ã p < 0.05. Fig. 3 Bar graph shows the dynamic changes in cervical disk bulge (mean AE standard deviation) during extension and flexion of the cervical spine in groups defined according to differences in spinal canal diameter. Changes in cervical disk bulge were compared between group CVI (patients with cervical spinal canal narrowing !1 mm from flexion to extension) and group CVII (patients with cervical spinal canal narrowing <1 mm from flexion to extension).
the spine and in extension and flexion positions are shown in ►Table 1.
For each segment, patients with ligamentum flavum hypertrophy !1 mm (from flexion to extension) were assigned to group FVI; those with hypertrophy < 1 mm and > 0 mm were assigned to group FVII, and those with hypertrophy 0 mm were assigned to group FVIII (►Table 3). The decreases in the diameter of the spinal canal (from flexion to extension) in the three groups were compared in an independent sample t test. The decrease in the diameter of the spinal canal at C4-C5 significantly (p ¼ 0.009) differed between group FVI and group FVII. For group FVIII, the decrease in the diameter of the spinal canal at C2-C3 (p ¼ 0.048), C4-C5 (p ¼ 0.003), and C5-C6 (p ¼ 0.001) was significantly different from the decrease in group FVI. At other segments, the changes in spinal canal diameter did not differ significantly between the three groups (p > 0.05). The decreases in spinal canal diameters are shown in ►Fig. 4.
The increase in the diameters of the disk bulge (from flexion to extension) in the three groups was also analyzed using an independent sample t test. In a comparison between group FVII and group FVIII, the decrease in the diameter of the disk bulge at C3-C4 was significantly different (p ¼ 0.026). At other segments, the differences in the changes in disk bulge diameter between the three groups were not significant (p > 0.05). The increases in the disk bulge diameters are shown in ►Fig. 5.
Disk Bulge
The trend in the mean diameter of the disk bulge with the spine in different positions was: extension > neutral > flexion (except C2-C3). The mean diameter of the disk bulge from C3-C4 to C7-T1 was significantly larger with the spine in extension than in flexion (p < 0.05).
For each segment, patients with a disk bulge increase !1 mm (from flexion to extension) were assigned to group DVI and those with a disk bulge increase < 1 mm and > 0 mm to group DVII. Patients with a disk bulge increase 0 mm in the same segments were assigned to group DVIII (►Table 4). The decreases in the diameter of the spinal canal (from flexion to extension) in the three groups were then compared using an independent sample t test. At C3-C4 (p ¼ 0.043), C4-C5 (p ¼ 0.029), C5-C6 (p ¼ 0.004), and C6-C7 (p ¼ 0.002), the decrease in the diameter of the spinal canal differed significantly between group DVI and group DVII. Decreases in the diameter of the spinal canal at C2-C3 (p ¼ 0.001), C3-C4 (p ¼ 0.005), C4-C5 (p < 0.001), C5-C6 (p < 0.001), and C6-C7 (p < 0.001) were significantly different (p < 0.05) between group DVIII and group DVI. For the Fig . 4 Bar graph shows the dynamic changes in spinal canal diameter (mean AE standard deviation) during flexion and extension of the cervical spine in group FVI (patients with ligamentum flavum hypertrophy !1 mm from flexion to extension), group FVII (patients with ligamentum flavum hypertrophy < 1 mm and > 0 mm from flexion to extension), and group FVIII (patients with ligamentum flavum hypertrophy < 1 mm and > 0 mm from flexion to extension). Changes in spinal canal diameter in group FVI were compared with those in groups FVII and FVIII.
changes in the spinal canal diameters at other segments, there were no significant differences (p > 0.05) between the three groups. The decreases in the diameter of the spinal canal are shown in ►Fig. 6. The increases in the diameter of the ligamentum flavum (from flexion to extension) measured in the three groups were also compared in an independent sample t test. The increased diameter of the ligamentum flavum at C6-C7 was significantly different (p ¼ 0.039) between groups DVI and DVIII, and the increased diameter of the ligamentum flavum at C5-C6 was significantly different (p ¼ 0.008) between groups DVII and DVIII. At the other segments, the changes in ligamentum flavum diameter did not differ significantly (p > 0.05) between the three groups. The increases in the diameters of the ligamentum flavum are shown in ►Fig. 7.
Other Factors Affecting Ligamentum Flavum Hypertrophy

Translational Motion
For all segments with vertebral translational motion from flexion to extension, hypertrophy of the ligamentum flavum at C3-C4 was significantly different between patients with vertebral translational motion !1 mm and < 1 mm (p ¼ 0.029). The increases in the diameter of the ligamentum flavum at C3-C4 were 0.40 AE 0.84 (n ¼ 102) and 0.15 AE 0.77 (n ¼ 87), respectively. At other segments, the changes in ligamentum flavum diameter did not differ significantly between the two groups (p > 0.05).
Cobb Angle
For all segments with a variation in the Cobb angle from flexion to extension, ligamentum flavum hypertrophy at C4-C5 was significantly greater in patients with variations < 45 degrees than in those with variations !45 degrees (p ¼ 0.033). The increased diameters of the ligamentum flavum in the two groups at C4-C5 were 0.12 AE 0.71 (n ¼ 86) and 0.37 AE 0.95 (n ¼ 103), respectively. The changes in ligamentum flavum diameter at other segments did not differ significantly between the two groups (p > 0.05).
The Degree of Disk Degeneration
Five groups (I-V) were defined according to the degree of disk degeneration. At all segments, there were no significant differences between the five groups regarding the changes in ligamentum flavum diameter (p > 0.05). 
Ligamentum Flavum Diameter in Neutral Position
For each segment, patients with a ligamentum flavum diameter 2 mm (in neutral view) were assigned to group FDI, those with ligamentum flavum diameter 3 mm and > 2 mm to group FDII, and those with ligamentum flavum diameter > 3 mm to group FDIII. The increase in ligamentum flavum diameter from flexion to extension at C7-T1 did not differ significantly (p < 0.05) between groups FDI and FDII, but at C3-C4 (p ¼ 0.046) and C7-T1 (p ¼ 0.021), the difference between group FDI and group FDIII was significant. At C3-C4, the increase in the diameter of the ligamentum flavum between group FDII and group FDIII was significantly different (p ¼ 0.017). The increases in the diameter of the ligamentum flavum in the three groups were: C3-C4 (0.22 AE 0.68, n ¼ 51; 0.21 AE 0.78, n ¼ 113; 0.73 AE 1.06, n ¼ 25), C7-T1 (À0.33 AE 1.09, n ¼ 12; 0.24 AE 0.76, n ¼ 73; 0.33 AE 0.89, n ¼ 104, for groups FDI, FDII, and FDIII, respectively). At the other segments, the changes in ligamentum flavum diameter did not differ significantly (p > 0.05) between the three groups.
Fig . 6 Bar graph shows the dynamic changes in spinal canal diameter (mean AE standard deviation) during flexion and extension of the cervical spine in group DVI (patients with a disk bulge increase !1 mm from flexion to extension), group DVII (patients with a disk bulge increase < 1 mm and > 0 mm from flexion to extension), and group DVIII (patients with a disk bulge increase 0 mm from flexion to extension). Changes in the spinal canal diameter variation of group DVIII were compared with those in groups DVI and DVII.
Ã p < 0.05. Fig. 7 Bar graph shows the dynamic changes in ligamentum flavum diameter (mean AE standard deviation) during flexion and extension of the cervical spine in group DVI (patients with a disk bulge increase !1 mm from flexion to extension), group DVII (patients with a disk bulge increase < 1 mm and > 0 mm from flexion to extension), and group DVIII (patients with a disk bulge increase 0 mm from flexion to extension). Changes in the ligamentum flavum diameter of group DVIII were compared with those of groups DVI and DVII. Ã p < 0.05.
Spinal Canal Diameters
For each segment, patients with a spinal canal diameter 10 mm (in neutral view) were assigned to group CDI, those with a canal diameter 12 mm and > 10 mm to group CDII, and those with a canal diameter > 12 mm to group CDIII. At C3-C4, the increase in the diameter of the ligamentum flavum from flexion to extension view was significantly different (p < 0.05) between group CDI and group CDIII (p ¼ 0.026). The increases in the diameter of the ligamentum flavum in the three groups at C3-C4 were 0.34 AE 0.85 (n ¼ 77), 0.38 AE 0.81 (n ¼ 66), and 0.04 AE 0.71 (n ¼ 46), for groups CDI, CDII, and CDIII, respectively. At other segments, the changes in ligamentum flavum diameters did not differ significantly (p > 0.05) between the three groups.
Discussion
The volume and diameter of the cervical spinal canal are not constant; rather, the shape of the spinal canal changes from extension to flexion as the diameter of the osseous canal narrows during extension and widens during flexion. 6 The spinal cord, spinal dura mater, vertebral disks, and ligamentum flavum also change during movement of the cervical spine. In patients with cervical spondylosis, the diameter of the osseous canal is reduced, but there are also abnormal alterations in the associated soft tissue elements, including the vertebral disks and ligamentum flavum. These changes are not normally visualized when imaging is performed at different positions of the neck. Moreover, in patients with cervical spondylosis, plain radiographs in flexion and extension fail to show the dynamic soft tissue changes. Thus, in the past 10 years, k-MRI has been increasingly used in the imaging of the cervical spine as it also demonstrates soft tissue pathologies.
7
Previous studies have demonstrated that dynamic change in disk bulge was a major factor in cervical spinal stenosis, 3 especially in patients without typical symptoms but with cervical canal stenosis or cervical disk bulge detected with conventional neutral MRI or computed tomography. But the influence of dynamic ligamentum flavum thickness in those patients was always neglected. In this study, we demonstrated that "hidden" hypertrophy of the ligamentum flavum indeed exists (from flexion to extension). The increase in cervical disk bulge and in the diameter of the ligamentum flavum had significant effects on the spinal canal diameter, especially at C4-C5 and C5-C6, the segments most vulnerable to cervical canal stenosis. 8, 9 The results of this study showed that the diameter of the ligamentum flavum had similar dynamic changes as intervertebral disks during cervical movement. Although the dynamic change of the disk bulge was greater than the change of ligamentum flavum thickness, it still indicates that the dynamic "hidden" ligamentum flavum hypertrophy could be an independent factor besides dynamic disk bulge in some patients with cervical canal stenosis. Furthermore, with the increased application of nonfusion surgery (such as cervical artificial disk replacement) for cervical disk herniation in recent years, the postoperational cervical movement could be much greater than anterior fixation surgery, and the posterior compression caused by dynamic ligamentum flavum hypertrophy may still remain, even though the posterior compression was not severe on neutral MRI. The mean diameter changes of the ligamentum flavum in this study were small (<0.5 mm), compared with the mean diameter of spinal canal (>10 mm). However, the data was collected from individuals without severe cervical disease, not patients with spinal canal stenosis. For patients with severe spinal canal stenosis, even a tiny change in spinal canal volume may lead to the development of myelopathy, and the long-term repeated stimulation of the thickened ligamentum flavum may also aggravate the existing disease. Furthermore, although the mean change of ligamentum flavum thickness was small, diameter changes in 17.65% of individuals were more than 1 mm, which could be clinically meaningful.
Our study also showed that both spinal canal diameter (in neutral view) and translational motion have significant effects regarding the increased diameter of the ligamentum flavum at C3-C4 but not at other levels. Patients with spinal spondylosis, congenital spinal canal stenosis, or cervical instability are more vulnerable to trauma, 10 which according to our findings may be explained by the "hidden" hypertrophy of the ligamentum flavum. The change in the diameter of the ligamentum flavum is mainly due to physical buckling, induced by the extent of the movement (as measured by variations in the Cobb angle), cervical spine instability (as measured by translational motion), and physical factors related to the ligamentum flavum itself, including its diameter, shape, and pliability. Although our study provides evidence of a relationship between these factors and the change in ligamentum flavum diameter, there was no significant universal trend for every cervical level. Instead, alterations in ligamentum flavum diameter may involve the interaction of Cobb angle variation, vertebral translational motion, ligamentum flavum thickness, and spinal canal diameter (in neutral position). There was no evidence of relation between "hidden" ligamentum flavum hypertrophy and cervical disk degeneration. The thickness of the ligamentum flavum was the same in patients with cervical spondylosis as in healthy individuals. However, in cervical spondylosis, the ligamentum flavum becomes thicker, harder, and longer and loses elasticity.
11 Thus, during movement of the cervical vertebrae, the longer and harder ligamentum flavum may crease and protrude into the spinal canal causing compression of the spinal cord, which can be demonstrated on MRI as an increased diameter of the ligamentum flavum. 12 For some patients, movement from flexion to extension causes significant compression of the spinal cord and therefore clinical symptoms. However, MRI in the neutral position may not demonstrate compression. 13 For these patients, additional k-MRI in extension and flexion views could provide the information necessary for a correct diagnosis. Our study had several limitations. First, all of the patients in this study had symptoms of neck or arm pain, and there was no control group. Therefore, our results may not be applicable to patients with asymptomatic cervical spondylosis or with disk herniation. Second, disk bulge and ligamentum flavum diameters were measured on sagittal rather than on axial images. Thus, the diameter may not have been the widest one as determined from all imaging planes. However, the inclusion criteria were patients with symptoms of neck or shoulder pain and with no evidence of cervical disk herniation and spinal canal stenosis. Thus, the lack of sagittal images may not have been problematic given the large sample size of this study. Third, although statistically significant changes in measurements were found, the actual changes are small (in many cases < 0.5 mm) and may not be clinically relevant. And because this study was only a retrospective review of radiographic data, a prospective study of clinical data to confirm that these changes were related to clinical findings is needed in subsequent studies. Indeed, it may be beneficial to compare k-MRI and long-term clinical trials pertaining to cervical spondylosis and spinal cord injury. In addition, research into the risk factors of "hidden" ligamentum flavum hypertrophy is needed.
In conclusion, the "hidden" hypertrophy of ligamentum flavum exists during cervical movement. It was significant at C4-C5 and C5-C6 and significantly contributes to the stenosis of the cervical spinal canal in the extension position.
